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Abstract
VALORIZATION OF XYLAN IN AGROFORESTRY WASTE STREAMS
Harrison Appiah
Microwave-assisted deep eutectic solvent and gamma-valerolactone metallic chloride catalyzed
conversion of xylan to furfural were investigated using a 2x3 factorial experimental design at two
levels of percent microwave power, reaction time, and catalyst concentration. The levels of each
factor studied were (20%, 60% microwave power, 2, 4 minutes, and 10, 20mg) respectively. The
effect of three metallic chloride catalysts (LiCl, FeCl3.6H20, CuCl2) on the conversion of xylan to
furfural was also investigated. The gamma-valerolactone-ferric chloride sent system exhibited the
highest mean yield of furfural (56.50%). The next highest furfural yield of 35.54% was given by
the gamma-valerolactone- copper (II) chloride catalytic system. A fitted linear mixed effect model
shows that the main effects of temperature and catalyst are significant (P < 0.0001). At a longer
reaction time of 4 minutes and 20 percent microwave power, the percent yield of furfural increased
from 31 to 47%. Increasing power from 20 to 60% (1260 W) caused the yield to decrease from
approximately 34 to 26% when 10mg catalyst was used. When 20mg of catalyst was used, yield
decreased from approximately 44 to 34%. The microwave used was the solwave model
180MWHD21with a maximum power of 2100W.
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CHAPTER 1
Introduction
Xylan a polymer of xylose is a constituent of hemicellulose which represents approximately 2535% by weight of lignocellulose biomass. Other constituents of lignocellulosic biomass include
cellulose, lignin, extractives, and inorganics. The last couple of decades has seen great efforts in
research to develop economically efficient and technologies with a low environmental footprint to
convert components of lignocellulosic biomass to platform chemicals. (Choudary et al. 2012). The
latter can be used. (Lange et al.2019). To produce biofuels and bioproducts to replace existing
fossil-based products. In this quest, the focus has been primarily on cellulose and lignin.
Xylose is the most prevalent pentose produced by hydrolysis from hemicellulose in hardwoods
and some non-wood plants. A potential platform chemical from xylose is furfural. The latter is an
industrial chemical whose annual production is estimated to be 400,000 tons (Karinen et al. 2011).
Furfural can be used to produce chemicals such as 2-methyl-furan, 2,5-dimethyl-furan, 2methyltetrahydrofuran, -5-methyl furfural, and 5-(ethoxymethyl)furfural. (Lange et al.2015)
reported that these chemicals are potential components of biofuel. Other important furfural-based
chemicals include 2,5-furan dicarboxylic acid (FDCA) which is a potential substitute for phthalic
acid has been designated as one of the top value-added chemicals from biomass (Adenet al. 2004).
On an industrial scale, furfural is produced from pentose (xylan) in biomass via a two-step process:
(1) acid-catalyzed (homogeneous Bronsted acid) hydrolysis attended by (2) dehydration. In this
process, the homogeneous Bronsted acid (sulfuric acid) has three major setbacks: (1) corrosive to
the reaction vessel, (2) high environmental footprint, and (3). The process is inefficient ~ 50% of
the theoretical yield is recovered (Choudary et al. 2012). To overcome the above setbacks, several
heterogeneous Bronsted catalysts for furfural production from xylose have been evaluated and
include Amberlyst, Nafion, and MCM-41 (Choudary et al. 2012). The study presented in this
thesis evaluates new catalytic pathways for converting xylan (xylose) to furfural in “green”
solvents. The latter will be Deep Eutectic Solvents (DES) and ℽ-valerolactone (ℽ-GVL). Thus, the
primary objectives of this study are to evaluate the ability of two metal chloride salts catalyzed
DES and ℽ-valerolactone (ℽ-GVL) systems to convert xylan in corn cob to furfural. The two
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catalytic systems were Catalyzed DES systems: consisted of hydrogen bond acceptor (HBA), a
hydrogen bond donor (HBD) plus a metal chloride catalyst.
The hydrogen bond acceptor used as choline chloride and Maleic Acid and Malonic acid were
used as hydrogen bond donors. HBA: HBD mole ratio used was 1:1. Catalyzed ℽ-valerolactone (ℽ
-GVL) system: consisted ℽ-GVL plus the metal chloride catalysts. The metal chloride catalyst used
in each system was Ferric Chloride, Lithium Chloride, Copper (II) Chloride. The null hypothesis
in this study was that neither of the two catalytic systems can convert xylan in corn cob to furfural.
Xylan occurs in agroforestry waste streams of hardwoods, crop residues, etc. but the hardwood
waste- streams are heterogeneous and consist of mixed wood (hardwood and softwoods) species.
In contrast, large homogeneous waste streams of non-wood xylan-rich corn cob are commercially
available. Consequently, we elected to use corn cob as the substrate in this study.
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CHAPTER 2
Literature Review
Background
Xylan, hemicellulose is a non-linear, heteropolymer with low molecular weight. It represents about
(25–35%) of lignocellulosic biomass and occurs more commonly in hardwoods than in softwoods.
It is also found in annual plants and cereals. Potential commercial sources of xylan include straw,
sorghum, bagasse, corn stalks, husks, and cobs (Ebringerová & Heinze, 2000; Kayserilioǧlu et al.,
2003). Corncob is the material remaining after removal of the grains and is traditionally used as
feedstock or fuel. It contains cellulose (39-45%), hemicellulose (25-35%) and low lignin (1721%). The hemicellulose content of corn cob is primarily xylan and this makes corn cob a suitable
material for a biorefinery. The potential use of cellulose and lignin in biorefinery has been
extensively studied in the past 5 decades. Valorization of hemicelluloses as part of evolving
biorefinery is a research topic attracting increasing interest.

Xylan - Occurrence and Structure.
Xylan is a heterogeneous polymer of xylose. It may contain pentoses (β-D-xylose, α L-arabinose),
hexoses (β-D-mannose, β-D-glucose, and α-D-galactose) and/or uronic acids (α-D-glucuronic, αD-4-O-methylgalacturonic and α-D-galacturonic acids). Other sugars (α-L-rhamnose and α-Lfucose) also occur in small amounts. Acetyl groups may partially substitute the hydroxyl groups
of sugars. Xylan is a polymer of xylose. Xylan accounts for about 20~30% of hardwoods and
herbaceous plants. Mannan-type hemicelluloses (i.e., glucomannan and galactoglucomannan) are
the major types of hemicellulose in softwoods. There are three main sub-groups of hemicelluloses
that have a backbone of 1-4 linked β-D- pyranose (hemiacetal sugars) residues; namely mannans,
xylan, and xyloglucans.
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Figure 2.1: structure of xylose.

Types of Xylan - Arabinoxylan
Arabinoxylan represents the largest fraction of hemicellulose found in cereal grain residues.
Arabinose is the primary side group of arabinoxylan compounds and is attached to the carbon 2 or
3 positions of the backbone of xylan (Ebringerová & Heinze, 2000; Y. B. Huang et al., 2018). The
arabinose units may be mono or disubstituted onto a xylose backbone unit (Ebringerová & Heinze,
2000). The xylose backbone may also be substituted at carbon 2 and 3 positions by acetyl groups
(Zhou et al, 2016). An important factor in the properties of arabinoxylan is the ratio of arabinose
to xylose as this affects the degree of branching. The degree of polymerization of arabinoxylans
ranges from 50 to 185 monomer units (Y. B. Huang et al., 2018). There are both water-soluble and
water-insoluble forms of arabinoxylans (Niño-Medina et al., 2010, Niño-Medina et al, 2014).
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Figure 2.2: primary structure of arabinoxylans.

Type of xylan - glucuronoxylan.
Glucuronoxylans (O-acetyl-4-O-methylglucuronoxylan) is the major hemicellulose component of
hardwoods is glucuronoxylans (O-acetyl-4-O-methylglucuronoxylan). It constitutes between 15
and 30% of the dry mass weight (Höije et al., 2005). and its backbone consists of xylose residues,
which are substituted on every 10th unit with 4-O-methyl-D-glucuronic acid. The xylose backbone
is also partially acetylated at the carbon 2 and/or the 3 positions on some of the xylose units (Höije
et al., 2005). The degree of acetylation varies in different plants. The acetyl groups are responsible
for the solubility of xylan and α D-galactopyranosyl uronic acid is responsible for resistance to
alkaline substances (Gírio et al., 2010). The average degree of polymerization for glucuronoxylan
is between 150 and 200 monomer units (Beg et al., 2001).

5

Types of xylan – xyloglucan
Xyloglucan, which is the most abundant hemicellulose in most non-graminaceous plants,
constitutes ~ 20% of the dry mass of the cell wall (Rose et al, 2003). It has a cellulose-like
backbone consisting of β-1-4 linked glucose residues, with xylose residues attached to the 6
positions on some of the glucose residues (Rose et al, 2003). Also, the backbone is highly branched
up to 75% (Rose et al, 2003). Arabinose backbone and galactose can be attached to the xylose
backbone unit to form di or triglycosyl side chains.

Figure 2.3: Chemical makeup of woody biomass, with the breakdown of hemicelluloses provided
for soft and hardwoods (Smook,1982).

Green Solvents
Two main types of” “green” solvents are evaluated in this study. They are Deep Eutectic Solvents
(DES) and ᵞ-valerolactone (ᵞ-GVL).

Deep eutectic solvent (DES).
Deep eutectic solvents (DES) are low-cost eutectic mixtures, with physical and chemical properties
comparable to ionic liquids (Abbott et al., 2004). They are prepared by combining hydrogen
bonding donors (HBDs, e.g., polyalcohol, acids, amides, etc.) and hydrogen bonding acceptors
6

(HBAs, quaternary ammonium compounds; e.g. choline chloride) to form eutectic mixtures.
Unlike ILs, DESs are easy to synthesize, stable, cost-competitive, and typically most of them are
environmental-friendly (Marcotullioet al., 2017). However, the relationship between molecular
composition and the solvent properties of the resulting eutectic mixtures is not fully understood.
In DES, the two solid-phase chemicals form a joint super-lattice at a molar ratio (eutectic mixture)
which melts at the eutectic temperature, a temperature lower than the melting points of the
individual components. DESs are called deep because the melting point curve has a particularly
deep crevice at the eutectic point since the eutectic temperature is much lower than the melting
points of the pure substances. DESs are formed by hydrogen bonding rather than the ionic bonding
that ILs possess. DESs have low volatility, wide liquid range, non-flammability, nontoxicity,
biocompatibility, and biodegradability.

Gamma-valerolactone (GVL).
GVL is a renewable heterocyclic ester obtained from the hydrogenation of Levulinic acid which
is obtained from cellulose. It is considered s green because it is obtained from cellulose. GVL is a
common type of lactones with the chemical formula C5H8O2 (Fig. 1.4). It is a clear colorless liquid
with a density of 1046 Kg/m3 like the density of water. It has a molecular weight of 100.12, a
boiling point at 208 °C, and a high flash point of 81 °C. The vapor pressure is only 0.5 mmHg
compared to 30 mmHg of water at normal conditions (Alonso, Wettstein, et al. 2013). GVL is
stable and shows no degradation in its structure even after months of storage in presence of water
and oxygen at room temperature (Horváth, Mehdi, et al. 2008). GVL has proven to improve the
hydrolysis of the wood components and to increase the selectivity of the desired reaction products
and lower the activation energy for the desired reactions (Alonso, et al. 2014). Moreover, owing
to its low vapor pressure, the separation and recycling of GVL from reaction products are assumed
to be a simple process.

7

Figure 2.4: Gamma-valerolactone chemical structure.

Metallic chlorides as a catalyst for furfural production.
Metallic chlorides have been proposed as a potential catalyst for the conversion of xylose to
furfural (Marcotullio et al, 2011). Among metallic chlorides, trivalent metallic chlorides have been
reported to exhibit superior ability to convert xylose to furfural. The successful use of chlorides
to convert xylose to furfural will significantly reduce corrosion problems and improve the reaction
of this process; slow down furfural degradation and increase the stability of furfural.

Figure 2.5: structure of furfural.
Hemicellulose is the main source of furfural and acetic acid. For example, xylan, the most abundant
component of hemicellulose, is transformed into furfural by depolymerization, rearrangement, and
dehydration. The reaction pathway for the formation of furfural is summarily depicted in figure
2.5 above.
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Figure 2.6: simplified reaction for the acid-catalyzed conversion of pentosan to furfural (Yu et al,
2020).

Applications of furfural and its derivatives.
Furfural is a precursor to the synthesis of a range of furan-based chemicals and solvents such as
dihydropyran,

methyl

tetrahydrofuran,

tetrahydrofuran,

methylfuranfurfuryl

alcohol,

tetrahydrofurfuryl alcohol, and furoic acid (Eseyin & Steele, 2015). Furfural has several potential
applications such as antacids, fertilizers, plastics, inks, fungicides, nematicides, adhesives, and
flavoring compounds (Yan et al., 2014). Since it became available as an industrial chemical,
furfural has been broadly utilized as a chemical intermediate, solvent, fungicide, nematicide, and
even a scenting and flavoring agent. The bulk of the furfural produced in the world is consumed
in the production of furfuryl alcohol which is an industrial chemical. In the United States, the
second-largest use is in the production of tetrahydrofuran (Zeitsch et al, 2000).

Figure 2.7: Applications of furfural and its derivatives (Yang e al, 2012).
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Xylitol is used as a sugar substitute in manufactured products such as drugs or dietary supplements,
confections, and chewing gum. Xylitol can be prepared by the hydrogenation of xylose and is
considered a polyol (Prakasham et al., 2009). Current industrial production of xylitol involves 5
major steps (i) acid hydrolysis of xylan, (ii) purification of xylose, (iii) catalytic hydrogenation of
xylose, (iv) purification of xylitol obtained.

Figure 2.8: world consumption of furfural-2019.

Commercial production of furfural.
There are two methods for converting xylan to furfural. The first method is a one-step one-pot
process where hydrolysis and dehydration occur simultaneously. The second method is a two-step
process whereby xylan is first hydrolyzed attended by cyclodehydration of xylose. Both xylan and
xylose can be dehydrated into furfural. Indeed, furfural is perhaps the most common industrial
chemical derived from lignocellulosic biomass, with an annual production volume of more than
200 000 tons (Kottke et al, 2004). The commercial utility of furfural was first discovered at the
Quaker Oats Company in 1921(Brownlee & Miner, 1948). The bulk of the current use of furfural,
and the greatest opportunity for future applications, are as a platform chemical. A wide range of
10

compounds is currently produced from furfural. These compounds serve as building blocks for the
synthesis of a wide range of other chemicals. These compounds have the basic furan framework
(with aromatic character (Carey et al, 2003). Like benzene and its related compounds. Thus, is an
attractive alternative to benzene for some applications (Mckillip et al,1985), (Sigma-Aldrich
Corporation,2016). Furfural itself is considered the furan equivalent of benzaldehyde, sharing
many of the same characteristics for chemical reactions (Mckillip et al,1985). There is strong
evidence that chemical manufacturers are interested in furans as platform chemicals and are
looking for new sources for these universally applicable compounds (Chen et al, 2015).

Microwave-assisted reaction of xylose to furfural in mineral acids.
The techniques of microwave-assisted extraction have been accepted as novel extraction methods
(Camel et al, 2001). The application of this novel method to chemical reactions has recently drawn
significant attention (Corsaro et al., 2008; Sangarunlert et al., 2007). Partly because this technique
can be used at a high temperature and pressure (Sparr Eskilsson & Björklund, 2000). Microwave
heating is a highly efficient process for providing fast, uniform, and selective heating for chemical
transformation. It results in better yields in a short time and energy savings in comparison with
classical thermal methods (Zhang et al,2010). Microwave-assisted extraction is a process that uses
microwave energy to heat the solvent that is in contact with a sample to partition analytes from the
sample matrix into the solvent. The main advantage of this technique is the ability to rapidly heat
the sample solvent mixture. By using closed vessels, the extraction can be performed at elevated
temperatures accelerating the mass transfer of target compounds from the sample matrix.
Typically, microwave-assisted extraction procedure takes 15–30 min and volumes, about 10 times
smaller than volumes used by conventional extraction techniques (Sparr Eskilsson &
Björklund,2000). Recently, microwave superheated water extraction (MWE) of arabinogalactans
and galactomannans from spent coffee grounds was proposed (Coimbra et al, 2013). In this study,
the hydrothermal conversion of xylan to furfural will be investigated. Two deep eutectic solvents
were prepared from two carboxylic acids; Maleic acid and Malonic acid. Gamma valerolactone
will also be used as another solvent. The aim of doing this is to ascertain the best solvent properties
of each method. It is hypothesized that these two acids do not have good solvent properties. The
treatments will be aided by three metal chloride salts.
11

CHAPTER THREE
Materials and methods

Materials.
Xylan (from corncob, ~90%) was purchased from Sigma–Aldrich Ltd.; D-xylose (~98%) and
choline chloride (~99%) were purchased from Acros; Ferric chloride (FeCl3.6H20) was purchased
from Acros; lithium chloride (LiCl); copper chloride (CuCl2), orcinol, malic acid, and malonic
acid were purchased from Sigma–Aldrich.

Methods.
The method used in this study consisted of:
Two “green” solvents as media for metallic chloride catalyzed conversion of corncob xylan to
furfural. The “green” solvents were Deep Eutectic Solvents (DES) and gamma-valerolactone
(gamma-valerolactone) using a Bial’s Regent. The metallic chloride catalysts consisted of ferric
chloride, copper chloride, and lithium chloride. The catalysts were selected based on the size of
the cation and its net charge. (i.e., a large Ferric ion to a smaller lithium ion; also mention the net
positive charge on each cation). The determination of the concentration of furfural a using a Bial’s
Regent. The reagent dehydrates pentoses to form furfural. Furfural further reacts with orcinol and
the iron ion present in the test reagent to produce a greenish solution. A commercial microwave
oven (solwave model 180MWHD21) with cavity dimensions of 16.5''x22.25''x13.5''(L x W x H)
and a working frequency of 60HZ was used for carrying out all reactions. The microwave was
equipped with a digital control system for measuring the level of microwave power. The
temperature of the reaction was not determined but reported in terms of %Power of the microwave.
The effect of process parameters (catalyst type, time, % Power) on the conversion of corncob xylan
to furfural in each solvent type was investigated using a factorial design of the experiment.
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Table 3. 1. Summary of methods and treatments.
Treatments

Time

%microwave Catalyst (mg) Treatment

(minutes)

power

GVL only

2,4

20,60

-

A

16

GVL + FeCl3

2,4

20,60

10,20

A1

32

GVL + CuCl2

2,4

20, 60

10, 20

A2

32

GVL + LiCl

2, 4

20

10,20

A3

32

Malonic Acid DES only

2,4

20,60

-

A4

32

Malonic Acid-DES + FeCl3 2,4

20,60

10,20

A5

32

Malonic

+ 2,4

20,60

10,20

A6

32

Malonic Acid-DES +LiCl

2,4

20,60

10,20

A7

16

Maleic Acid DES

2,4

20,60

-

A8

16

Maleic Acid-DES+ FeCl3

2,4

20,60

10,20

A9

32

Acid-DES

Sample size (n)

designation.

CuCl2
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Conversion of corncob xylan to furfural using metallic chloride catalyzed Deep Eutectic
Solvents (DES).
Two Deep Eutectic Solvents (DES) were prepared by mixing a hydrogen bond acceptor, choline
chloride, with two hydrogen bond donors, malonic acid, and maleic acid respectively, in a 1:1
molar ratio. Choline chloride was dried in an oven at 103°C for one hour; removed and placed in
a desiccator until we were ready to use. For each DES, choline chloride and either malic acid or
malonic acid were mixed in a 1:1 molar ratio in a 100 ml beaker and heated at 70°C while stirring
until a clear solution was obtained. The solution was cooled to room temperature and no crystals
or precipitates were observed.
Conversion of corncob xylan to furfural using metallic chloride catalyzed gammavalerolactone solvent system
Gamma-valerolactone Solvent. Gamma valerolactone was used as-is in this study and no further
purification was performed on the solvent. The reaction mixture was transferred into a reaction
tube and placed in a microwave digester (Solwave- microwave, 2100W) and micro-waved under
reactions described in table 2. At the end of the reaction, the solution was allowed to cool to room
temperature. The cooled solution was filtered through a Whatman filter paper (0.45 µm porosity).
Two ml of the solution was used to assay for furfural using Bial’s reagent. Quadruplicates were
performed for all reactions.

Figure 3.1: Solwave microwave digester.
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Table 3. 2: Conversion corncob xylan to furfural using metallic chloride catalyzed DES system –
treatments.
DES Solvent System

Metallic chloride
concentration (mg)
FeCl3
LiCl
CuCl2

Reaction
Time
(mins)

Microwave
Power (%)

Choline-chloride + malonic acid

10, 20

10, 20

2, 4

20,60

Choline-chloride + maleic acid

10, 20

10, 20

2, 4

20,60

10,
20
10,
20

Conversion of corncob xylan to furfural using metallic chloride gamma-valerolactone
system solvent.
40mg of corncob xylan was weighed and transferred into a beaker containing GVL solvent. A
volume of 1.6ml of distilled water was added and stirred thoroughly. 10mg of ferric chloride was
added and the content was transferred to the carousel. The microwave power level was set; the
microwave turned on and after the desired residence time, the content was immediately immersed
in cooling water to quench the reaction. The content of the carousel was filtered through a
Whatman filter paper of 0.45 µm pore. Two millimeters of the filtrate was added to two milliliters
of the Bial’s assay solution in a 10-milliliter volumetric glass. The mixture was heated in a water
bath set at 80 oC for 10 minutes. The solution turned green. A micropipette was used to transfer
one milliliter of the solution to a one-milliliter cuvette and the absorbance was measured in a UVVisible spectrometer over 300-800nm range. Absorbance at 660 nm (lambda max.) was recorded.
The procedure was repeated for the different metal chlorides ( Table 3.1).
To 5 millimeters of GVL in a 10-milliliter beaker, metallic catalyst as per table 1 was added with
stirring and the solution formed was transferred to the reaction vessel of the microwave digester
(Solwave microwave digester). The contents were microwaved as shown in table 1. At the end of
the reaction, the reaction solution was cooled to room temperature and filtered through a Whatman
filter paper (0.45 µm). Two milliliters of the solution was used to assay for furfural using Bial’s
reagent. Quadruplicates were performed for all reactions.
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Table 3. 3: Conversion corncob xylan to furfural using metallic chloride catalyzed gamma-GVL
system – treatments. *A1= ferric chloride; A2 = copper (II) chloride; A3 = lithium chloride.
Metallic chloride concentration (mg)

*A1

*A2

*A3

10
20

10
20

10
20

Reaction Time,
(minutes)

Microwave
Power
(%Power)

2
4

20
60

Table 3. 4: Experimental design.
Factor

Levels

Values

Time (mins)

2

2, 4

% Microwave Power

2

20, 60

Metallic chloride catalyst

2

10, 20

Gamma-GVL solvent, volume (ml)

3

A1, A2, A3

Assay for Furfural Using Bial’s Reagent.
Bial’s reagent reacted with furfural to produce a green solvent. As per Beer’s law, the
concentration of furfural is proportional to the solution absorbance of 660 nm (lambda max). A
stock solution of furfural (1160ppm) in de-ionized water was prepared and working solutions with
concentrations of were prepared by serial dilutions. Known standard concentrations (0, 100, 200,
300, 400, 500, 600 ppm) of furfural in deionized water and reacted with Bial’s Reagent as per the
protocol of (Deschatelets et al.1986). Two milliliters of the working solution was added to 2ml of
Bial’s reagent, heated at 60 oC for 10 minutes, and cooled to room temperature. An aliquot of the
cooled solution was placed in a 1ml cuvette and the absorbance measured in UV-VIS spectrometer
HR2000CG-UV-NIR at 660 nm using a Deuterium light source model DT 1000CE. As per Beer’s
equation, the amount of light absorbed by the analyte in solution is proportional to the
concentration of the solution of the analyte,
A = εLC
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Where A = absorbance of solution,
ε= Molar absorptivity
L = length of sample
C = concentration of solution
The data in Figure 3.1 was used to develop a linear model, y= α +βx, where,
y = concentration of analyte
a = intercept of graph, 0.0199
b = slope of graph, 0.0009
r2 = 0.9861
0.8
y = 0.0009x + 0.0199
R² = 0.9861

0.7
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Figure 3.2: A plot of standard known concentrations of furfural Vs Absorbances of respective
Bial’s reaction solution at 660 nm.
The following equation was used to calculate the percentage of furfural produced.
%furfural yield=

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑓𝑢𝑟𝑓𝑢𝑟𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑥𝑦𝑙𝑎𝑛

𝑥100

Analysis of data.
Experimental data were analyzed by Analysis of Variance (ANOVA) using the JMP statistical
software version 15. The LSD and Tukey’s tests were used to compare means. ANOVA was
performed at α = 0.05.
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The thermochemical conversion of xylan to furfural usually depends on factors such as
temperature, catalyst amount, and treatment time. The results of the experimental design were
analyzed using JMP statistical software to evaluate the statistical parameters and the statistical
plots (Normal probability, main effects, and interactions plots). Full factorial design and four
replications of each experiment were designed.
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CHAPTER 4
Results and discussion.
GVL solvent system containing metallic chloride catalysts.
The mean yield of furfural produced by the gamma-valerolactone solvent system with the three
metallic chloride catalysts is shown in Table 4.1. Treatment A1 (GVL+FeCl3) produced the highest
mean yield of 56.50%. Treatment A2 (GVL + CuCl2) had the next higher average yield of 35.5.
Pairwise comparison as per Tukey’s adjustment for the mean yield difference of the treatments is
given in Table 4. The percent yield of furfural produced by treatments A1 was significantly
different (p=0.0003) from that of A2 and A3.

Table 4. 1. Mean yield (%) of furfural produced by metallic chloride catalysts in the GVL solvent

system.
Solvent
A1, GVL +FeCl3

%Yield
56.5 a

SE

n

4.39

32

A2, GVL+CuCl2

35.5 b

4.39

32

A3, GVL+LiCl

32.2 b

4.39

32

P-value

0.0003

Deep Eutectic solvent system containing metallic chloride catalysts.
The percent yield of furfural from the Deep Eutectic solvent system containing the metallic
chloride catalyst is reported in Table 4.2. The treatment, maleic acid-choline chloride+ ferric
chloride produced the highest average furfural yield of 30.7%. The next high yield of 29.6% was
produced by the treatment, DES-malonic acid-choline chloride (treatment A6). Pairwise
comparison with Tukey’s adjustment for the mean yield difference of each solvent indicates that
only the maleic acid + FeCl3 treatment was significant (P < 0.0001).
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GVL+FeCl3 treatment was found to have a significantly higher yield than either the GVL+ CuCl2
or the GVL+ LiCl treatment (p = < 0.0001, n = 32).

Table 4. 2:Mean yield (%) ± standard error (SE) using metallic chloride in DES solvent system.
Level

%Mean yield

SE

n

A9

Maleic Acid-DES+FeCl3

48.40

3.95

32

A6

Malonic acid-DES+CuCl2

29.6

3.05

32

A7

Malonic Acid-DES+ LiCl

29.2

2.60

32

A5

Malonic Acid-DES+FeCl3

28.8

2.64

32

p-value

<0.001

Interaction effects of treatment factors on percent furfural yield in GVL solvent system.
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Figure 4.1: Interaction plots for Gamma-valerolactone solvent system containing metallic
chloride treatments.

The effect of one factor across the levels of the other factors in the GVL solvent system is shown
in the interaction plots (Fig 4.1). An increase of reaction time from 2 minutes to 4 minutes is
attended by an increase in percent yield from approximately 34 to 62% at a percent power of 20%.
However, when the power is increased to 60%, an increase in reaction time from 2 to 4 minutes
produced a decrease in percent yield from approximately 45 to 25%. Two models; the linear fixedeffect model and linear mixed effect model were evaluated. The mixed-effect model was
significant (P < 0.0001).

Interaction effects of treatment factors on percent furfural yield in DES solvent system.
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Figure 4.2: Interaction plots for the DES in metal Chloride treatments.

Figure 4.2 corresponds to the plot between time, catalyst, and percentage power on yield. It is
observed that increasing the time from 2 to 4 minutes increases the yield from 29% to 36.5% when
20% of microwave power is applied. when 60% of microwave power is used, increasing time
from 2 to 4 minutes causes the yield to decrease from 32% to 25% along with a linear trend.

Optimum conditions for producing furfural using the DES and GVL.
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In identifying the optimum conditions that resulted in the highest yield using the catalyzed DESs
and the GVL treatments, we visualized the data using a Box plot by combining the conditions by
its respective treatments to see which condition provides the optimum yield.

Figure 4.3: Box plot of the yield for each condition with its specified treatment- in Gammavalerolactone.
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Figure 4.4: Boxplot of the yield for each condition with its specified treatment in the deep eutectic
solvent.

The role of catalyst in converting the xylan to furfural.
The role of the solvents in the conversion of corncob xylan to furfural was evaluated by carrying
out the reaction in each solvent without the metallic chloride catalysts. In GVL solvent without the
catalyst, treatment A gave the highest percent mean yield of furfural (36.4%), it was shown that
treatment “A” at a reaction time of 2 minutes at a percent power of 60 gave the highest furfural
yield (optimum conditions). In the GVL solvent system, all the main effects and two-way
interactions were significant.( P < 0.001). In the DES solvent system, the highest mean percent
yield of furfural was 31.5% in the DES solvent system of choline chloride-maleic acid.
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Discussions.
Treatment, gamma-GVL + FeCl3.6H2O, exhibited the highest mean percent yield of furfural,
56.50%. The next highest mean percent yield of 35.54% was given by the gamma- GVL + LiCl
treatment. Also, from the pairwise comparison of each solvent, we notice that aside from the
GVL+FeCl3 that had a significant mean yield difference, the Maleic acid DES had an average yield
of 48.4% was obtained at P < 0.001 the other solvents showed no significant difference from the
others.
To determine the optimum conditions that gave the highest mean percent yield were evaluated.
The two models were the linear fixed-effect model and the linear mixed effect model. Comparison
of these models showed that the mixed effect model was significant (P < 0.001 ). The main effects
of percent microwave power and catalyst were significant (P < 0.001). However, time was not
significant (P = 0.0.229). The interaction between the two-way and main effects was significant
(P < 0.001), except catalyst and temperature. None of the three-way interactions between time,
catalyst, and%power were significant (P < 0.05). Hydrogen ions (H+) catalyzes the hydrolysis
attended by dehydration of xylan to furfural. The interaction plots of the catalyzed deep eutectic
solvent compare one factor across the levels of the other factors. Fig. 4.3 corresponds to the
interaction plot between time and percentage power on yield. Increasing the amount of time from
2 to 4 minutes causes the yield to increase from approximately 31 to 47% when the %power is 20.
However, when the microwave power of 60% is used, increasing time from 2 minutes to 4 minutes
causes the yield to decrease from approximately 37 to 25% along with a linear trend. Similarly, in
the interaction plot of time and catalyst on yield (Fig. 4.3) increasing the amount of time from 2 to
4 minutes increases the yield from approximately 26 to 37% when the 10mg of catalyst is used.
However, when a catalyst of 20mg is used, increasing the time from 2 to 4 minutes decreases the
yield from approximately 44 to 36%. Finally, the interaction plot of temperature and catalyst on
yield shows no effect. Increasing power from 20 to 60% causes the yield to decrease from
approximately 34% to 26% when the catalyst concentration is 20mg. When the catalyst is at its
high level of 20mg, the yield t decreases from approximately 44 to 34%.
The study suggests that Iron (III) is a good Lewis acid and in water they may undergo hydrolysis
to form basic salts, resulting in the pH value of the solution becoming quite acidic for this reason,
it has been widely used as a catalyst in a variety of organic chemical reactions.
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While the acids promoted the dehydration of xylulose to furfural, it is worth mentioning that the
density of acidic and basic sites is important for breaking down the hemicellulose chains for the
dehydration of xylose to furfural. when the metal chlorides effect was considered, the maximum
yield was obtained from the iron (III). It followed the order FeCl3 > CuCl2 > LiCl. The catalyst
properties of FeCl3.6H20, CuCl2, and LiCl play an important role in the selectivity and conversion
process. Based on the percentage yield obtained, the optimum reaction conditions for achieving
high yields depend on the choice of metal chloride. As the search for alternative methods to
obtaining platform chemicals and products from biomass is emerging, it is important to develop
environmentally friendly solvents. Deep Eutectic solvent(s) and Gamma-valerolactone are two
great areas that can be explored for this purpose. The possible solvents that can be obtained from
deep eutectic solvents grow by the day. More hydrogen bond acceptors and hydrogen-bond donors
should be explored for their solvent properties. Even though the individual components of DES
tend to be well toxicologically characterized, we know little about the toxicological properties of
the resultant DES themselves. A comprehensive investigation of the toxicity and biodegradability
of DES is necessary to ensure their green affiliation. The metal chlorides promote the isomerization
of xylose to xylulose.

Conclusion.
Ferric chloride in the gamma-valerolactone solvent system produced the highest percent mean
yield of furfural from corncob xylan reaction time of 2 minutes, percent microwave power of 20,
and a catalyst concentration of 20mg. The control gamma-valerolactone solvent system (without
a catalyst) at a reaction time of 2 minutes with 60% microwave power gave the highest yield of
furfural (36%) from corncob xylan. The DES solvent system containing choline chloride-maleic
acid at reaction times of 2 minutes, percent microwave power of 20 (treatment A9) exhibited the
highest mean percent yield of furfural. In the GVL solvent system, the main effects that affect
yield are %power and catalyst. For the Deep Eutectic Solvent systems, the main effects that affect
yield are catalysts. The two-way interaction effects are time and catalyst and time and temperature.
The interaction between catalyst and %power did not affect yield. The three-way interaction
between time, catalyst, and %power was also significant. In the treatments without the catalyst,
the main effect time and the two-way interaction between time and temperature affect yield.
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